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ABSTRACT
We report the discovery of a 1201 s orbital period binary, the third shortest-period detached binary
known. SDSS J232230.20+050942.06 contains two He-core white dwarfs orbiting with a 27◦ inclination.
Located 0.76 kpc from the Sun, the binary has an estimated LISA 4-yr signal-to-noise ratio of 40.
J2322+0509 is the first He+He white dwarf LISA verification binary, a source class that is predicted
to account for one-third of resolved LISA ultra-compact binary detections.
Keywords: Compact binary stars — DA stars — DC stars — Gravitational wave sources — Gravita-
tional waves — White dwarf stars
1. INTRODUCTION
White dwarf (WD) binaries promise to be among the
most scientifically rich “multi-messenger” sources that
can be observed with both light and gravitational waves
(GW). ESA and NASA are building a space-based GW
observatory called the Laser Interferometer Space An-
tenna (LISA, Amaro-Seoane et al. 2017) that will mea-
sure mHz GW frequencies. Astrophysically, this is the
realm of <1 hr orbital period double-degenerate bina-
ries. WD+WD binaries are expected to be the most
prolific LISA source (Nelemans et al. 2001; Korol et al.
2017). Importantly, WDs emit light and we can observe
them now.
Here, we report the discovery of the 1201 s orbital
period binary SDSS J232230.20+050942.06 (hereafter
J2322+0509). This is the third shortest-period de-
tached binary after J0651+2844 (Brown et al. 2011) and
ZTF J1539+5027 (Burdge et al. 2019a). While similar
in period to J0935+4411 (Kilic et al. 2014) and PTF
J0533+0209 (Burdge et al. 2019b), J2322+0509 has a
face-on orientation i = 27◦. It has no detectable light
curve or binary astrometric signal; only time-series spec-
troscopy is able to detect its period.
We combine spectroscopy, photometry, and astrome-
try to characterize the system. J2322+0509 is a single-
lined spectroscopic binary with a 19,000 K WD mov-
ing with a velocity semi-amplitude of k = 149 km s−1.
Multi-passband photometry shows that a cooler com-
panion contributes an additional 15% extra light at red
wavelengths. Astrometry sets an absolute distance to
the system, and places a direct constraint on the WD
radii. We perform a joint analysis and conclude that
J2322+0509 is an approximately equal mass, double-
degenerate binary containing a 0.27 M DA WD and a
0.24 M DC WD.
J2322+0509 is thus the first double He-core (He+He)
WD LISA verification binary. Models predict this source
class will account for about one-third of resolved LISA
ultra-compact binary detections (Lamberts et al. 2019).
LISA will detect J2322+0509 with an estimated signal-
to-noise ratio SNR ' 40 in 4 years of operation.
2. OBSERVATIONS
We targeted J2322+0509 on the basis of its Gaia par-
allax and Sloan Digital Sky Survey (SDSS) colors. Fol-
lowing the release of Gaia Data Release 2 (Gaia Col-
laboration et al. 2018), we searched the Gaia catalog
for extremely low mass WD candidates that might be
missing from the ELM Survey (Brown et al. 2020).
We selected candidates with de-reddened SDSS color
−0.40 < (g−r)0 < −0.10 mag (approximately 20, 000 >
Teff > 10, 000 K) and with Gaia parallax consistent with
a ∼0.1 R low mass WD. J2322+0509, at the blue edge
of the sample, is an interesting result. We present our
observations followed by our analysis. Measured and
derived values are summarized in Table 1.
2.1. Spectroscopy
We obtained an exploratory spectrum of J2322+0509
on UT 2018 December 9 to determine its stellar nature.
We used the Blue Channel spectrograph on the 6.5m
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Figure 1. Radial velocities phased to the best-fit orbital
solution. The measurements are available in the electronic
Journal as the Data behind the Figure.
MMT telescope with the 832 l mm−1 grating in 2nd
order, giving 1.0 A˚ resolution. J2322+0509 has the hy-
drogen Balmer line spectrum of a DA WD. We fit pure
hydrogen stellar atmosphere models (Gianninas et al.
2011, 2014, 2015) and determined that J2322+0509 is a
log g ' 7 WD. WDs with such gravities are commonly
found in ultra-compact binaries, because the Universe
is not old enough to evolve a low mass WD through
single-star evolution (e.g. Iben 1990; Marsh et al. 1995).
The following year we obtained time-series MMT Blue
Channel spectroscopy to test for binary orbital motion.
We observed low-amplitude radial velocity variability,
but were unable to determine a period until we took
back-to-back exposures on UT 2019 October 5. On UT
2019 October 8, we observed J2322+0509 with a lower
2.0 A˚ resolution set-up, using the MMT Blue Channel
800 l mm−1 grating, so that we could better time-resolve
the orbital period (150 s = 1/8 orbital phase) at the cost
of lower velocity precision. Figure 1 plots the measure-
ments.
Finally, on UT 2019 November 20, we obtained 1 hr
of MagE spectroscopy on the 6.5m Magellan Baade tele-
scope to test for spectral lines from a companion in the
red end of the spectrum. We used the 0.85 arcsec slit
and 180 s exposures. We confirmed the radial velocity
parameters of the primary WD, but phase-folding the
spectra reveals no evidence of spectral lines from the
secondary.
2.2. Photometry
Figure 2. Optical light curve (upper panel) and its Fourier
transform (lower panel). The absence of variability above
4<A> = 0.35% sets an upper limit on inclination i < 50◦.
We obtained time-series photometry of J2322+0509
using the 8-m Gemini North telescope with the Gemini
Multi-Object Spectrograph (GMOS) on UT 2019 Oc-
tober 24 as part of the Director’s Discretionary Time
program GN-2019B-DD-201. We obtained 170 × 10 s
exposures through an SDSS-g filter over 84 min. To
reduce the read-out time, we binned the chip by 4×4,
which resulted in a plate scale of 0.3′′ pixel−1. Condi-
tions were photometric with 0.′′5 seeing. Figure 2 shows
the lightcurve and its Fourier transform.
We observe no significant variability at the 4<A> =
3.8 millimag (0.35%) level. Interestingly, the highest
peak in the Fourier transform – 3.1±0.9 millimag ampli-
tude at 69±3 cycles day−1 – is consistent with the radial
velocity period, however it is only marginally significant.
The predicted amplitude of the relativistic beaming ef-
fect is only 0.1% (Shporer et al. 2010), below our detec-
tion threshold. No eclipses or ellipsoidal variation are
detected.
3. ANALYSIS
J2322+0509 is a single-lined spectroscopic binary. We
solve for its radial velocity orbital parameters following
the same procedure used in previous ELM Survey pa-
pers (Brown et al. 2020). We start by cross-correlating
the full spectra with a summed, rest-frame template
of the target. Comparing the independent MMT and
Magellan datasets suggests our zero-point accuracy is
2 km s−1. We then minimize χ2 for a circular orbit
solution, accounting for phase smearing given the expo-
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Figure 3. Joint fit to the spectrum (left panel) and photometry (right panel) for the best DA+DC model. The left panel
shows the synthetic model (red) overplotted on the observed MMT spectrum (black). The right panel shows the synthetic
fluxes (filled circles) and observed fluxes (error bars). The red and blue lines show the contribution of each WD to the total
monochromatic model flux, displayed as the black dotted line.
sure times. We estimate internal uncertainties by boot-
strap re-sampling the measurements. The best-fit radial
velocity solution of the combined MMT and Magellan
datasets is P = 1201.4± 5.9 s, k = 148.6± 6.3 km s−1,
and γ = −4.8± 4.2 km s−1 (see Figure 1).
We fit pure hydrogen (DA WD) stellar atmosphere
models to the summed, rest-frame MMT and Magel-
lan spectra. The Teff and log g values from the in-
dependent MMT and Magellan datasets are consistent
within their errors. The weighted mean values are
Teff,spec = 19, 160± 270 K, log gspec = 7.17± 0.04 dex.
High-order Balmer lines are sensitive to surface grav-
ity (Tremblay & Bergeron 2009) and allow us to con-
strain the DA WD mass given a WD mass-radius re-
lation. We adopt the He-core WD models of Althaus
et al. (2013) appropriate for this object. Interpolating
the stellar atmosphere values with their errors through
the models yieldsMDA,spec = 0.34±0.02M. The corre-
sponding g-band absolute magnitude, +9.27±0.18 mag,
allows us to compute its heliocentric distance if the light
of the DA WD dominates the light of the (de-reddened)
g0 = 18.351± 0.018 mag binary.
However, we find evidence for additional light from
the companion star in the broadband spectral energy
distribution. If we normalize the DA WD model to the
SDSS u-band magnitude, the g- and r-bands are 15±2%
too bright. Accounting for this excess g-band light, our
spectroscopic parameters imply the DA WD is dspec =
0.72± 0.07 kpc distant.
Gaia parallax provides an independent but less pre-
cise measure of heliocentric distance. Adopting the Gaia
DR2 parallax zero-point of −0.029 mas (Lindegren et al.
2018), J2322+0509’s 1.287 ± 0.283 mas parallax corre-
sponds to dplx = 0.76±0.17 kpc. The spectroscopic and
parallax distances are in perfect agreement.
The absence of a significant reflection effect constrains
the orientation of the binary. We use JKTEBOP (South-
worth et al. 2004) to create synthetic light curves for the
adopted system parameters below. JKTEBOP predicts
peak-to-peak differences of >1% for inclinations >50◦.
Given that no significant photometric signal is detected
above the 0.35% level, we can safely rule out such high
inclinations. If we instead use equation 6 from Morris
& Naftilan (1993) to predict the amplitude of the reflec-
tion effect, we find that the inclination must be i < 58◦.
Hence, both light curve modeling and analytic estimates
require i . 50◦ otherwise we would see a reflection effect.
3.1. Joint Analysis
We now perform a joint analysis that considers our
spectroscopic, astrometric, and photometric constraints
simultaneously. Our approach is to construct compos-
ite binary models by adding two synthetic WD spectra,
properly weighted by their respective radii using the as-
trometric parallax constraint. We then simultaneously
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fit the spectroscopic Balmer line profiles and the broad-
band photometric measurements using the Levenberg-
Marquardt algorithm (Be´dard et al. 2017; Kilic et al.
2020). We use de-reddened GALEX FUV and NUV
(Martin et al. 2005), SDSS ugriz (Abolfathi et al. 2018),
Pan-STARRS grizy (Tonry et al. 2012), and UKIDSS
Y J photometry (Lawrence et al. 2007). All four atmo-
spheric parameters (Teff,1, log g1, Teff,2, and log g2) are
allowed to vary for a given distance.
Figure 3 plots the best-fit solution: a 19,000 K DA
WD plus a 8,000 K DC WD, both with log g = 7. We
note that a DA+DA solution yields comparable parame-
ters, but predicts a strong double-lined Hα feature that
is not observed. The errors in the joint analysis are
dominated by the parallax uncertainty. We estimate 1-
σ errors of 1000 K in Teff and 0.15 dex in log g for the
DA WD, and 1500 K in Teff and 0.25 dex in log g for the
DC WD.
We interpolate the atmospheric parameters through
the Althaus et al. (2013) He-core WD tracks to estimate
the masses. Conservatively ignoring the co-variance be-
tween Teff and log g, we infer MDA,joint = 0.27
+0.06
−0.02 M
and MDC,joint = 0.24
+0.06
−0.04 M.
Our mass estimates imply that the cool WD may
be less massive than the hot WD. The same result is
seen in ZTF J1539+5027 (Burdge et al. 2019a). This
would be surprising because one expects the cool WD
to have evolved first, and thus be more massive than
the hot WD. However the models contain a major un-
certainty linked to common envelope ejection (Li et al.
2019, 2020). The thickness of the WD hydrogen enve-
lope, assumptions about elemental diffusion and rota-
tional mixing, the presence or absence of hydrogen shell
flashes, and other issues have significant effects on the
temperature, radius, and cooling age of a low mass WD
(Althaus et al. 2013; Istrate et al. 2016). To draw a sig-
nificant conclusion about the WD masses and their past
evolution, we need to improve our constraints, i.e. with
future GW measurements. The present constraints are
also consistent with J2322+0509 being an equal-mass
binary.
Given the mass estimates, we predict that
J2322+0509’s orbital period is shrinking by P˙ =
−2.2 × 10−12 s s−1 due to GW radiation. Measur-
ing P˙ is challenging in the absence of a timing signal
from eclipses. However the phase of the radial velocity
orbit also provides a means to measure P˙ . We simulate
radial velocity data to estimate the timing constraints.
At the MMT, times are recorded using network time
protocol accurate to milliseconds, and open-shutter time
is accurate to ∼0.1 s. Our current dataset has a ±20 s
epoch error. Simulations suggest that 6 contiguous
Figure 4. Characteristic strain versus GW frequency for
J2322+0509 and other detached WD binaries from Brown
et al. (2020) (solid diamonds) and Burdge et al. (2019a,b)
(open diamonds). Solid line is the LISA 4 yr sensitivity curve
(Robson et al. 2019).
hours on-source (4 times our best baseline) with current
measurement errors would achieve a ±10 s epoch error
in a single night.
We expect J2322+0509’s orbital phase to shift by 91 s
in 10 yr, and by 364 s in 20 yr when LISA is observ-
ing. With ±10 s epoch errors and every-other-year ob-
servations, we could attain a 5-σ measurement of P˙ in
14 yr. The two WDs will merge due to GW radiation in
6.7+2.8−1.8 Myr.
4. DISCUSSION
J2322+0509 is a new GW source for LISA to observe.
While the GW community may refer to J2322+0509 as
a verification binary, optical measurements are critical
to its scientific understanding. LISA will continuously
monitor the entire sky; Shah et al. (2013) estimate that
simply knowing a binary’s sky position can improve its
GW parameter uncertainties by a factor of two. GW
strain depends on binary inclination; having an inclina-
tion constraint can improve the GW parameter uncer-
tainties by a factor of 40 (Shah et al. 2013).
Solving the binary mass function for inclination,
sin i = k
(
P
2piG
)1/3
(M1 +M2)
2/3
M2
, (1)
our optical measurements of orbital period, velocity
semi-amplitude, and mass constrain J2322+0509’s in-
clination to i = 27.0 ± 3.8 deg. This inclination results
in a 2.5 times larger GW strain than if J2322+0509 had
i = 90◦ and were eclipsing.
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Figure 4 plots the characteristic strain of J2322+0509
relative to the 4-year LISA sensitivity curve (Robson
et al. 2019). Solid diamonds are detached WD binaries
from the ELM Survey (Brown et al. 2020), and open
diamonds are the two detached WD binaries found by
Burdge et al. (2019a,b). We calculate strain using spec-
troscopic distance estimates for the sake of consistency,
and label only those binaries significantly above the 4-
year LISA sensitivity curve.
J2322+0509 has a larger strain than the signature ver-
ification binaries J0651+2844 and J1539+5027, because
it is closer and orientated face-on. However J2322+0509
will be detected at lower SNR because of its lower fre-
quency fGW = 2/P = 1.66 mHz. According to the
LISA Detectability Calculator, J2322+0509 is predicted
to have a 4-yr SNR ' 40 (Q. S. Baghi, private com-
munication). The same estimator yields SNR=154 for
J0651+2844 (M1 = 0.25 M, M2 = 0.5 M, d = 1 kpc,
P = 765 s, i = 86◦) as a point of reference.
Binary population synthesis models predict that most
LISA sources will be found in the Galactic disk (Lam-
berts et al. 2019; Breivik et al. 2019). J2322+0509
fits that picture. Combining J2322+0509’s Gaia par-
allax and proper motion with our radial velocity, cor-
rected for the 6.6 ± 0.9 km s−1 gravitational redshift
of the DA WD, yields a space motion (U, V,W ) =
(−36.1 ± 8.0,−20.4 ± 4.6,−3.8 ± 4.4) km s−1 with re-
spect to the Sun. J2322+0509 is located 0.6 kpc below
the Galactic plane but clearly has the motion of a disk
star.
Interestingly, J2322+0509 is the first He+He WD sys-
tem among the LISA verification binaries. Population
synthesis models predict that 30% of resolved LISA sys-
tems will be He+He binaries, 50% will be He+CO bi-
naries, and 20% will be CO+CO binaries (Lamberts
et al. 2019). Observationally, all of the detached bina-
ries with f > 1 mHz are He+CO WD binaries, except
for J2322+0509.
Future GW measurements promise to improve our
understanding of the WD binary systems. For
J1539+5027, Littenberg & Cornish (2019) estimate that
GW measurements will improve its inclination uncer-
tainty by a factor of 5 and its distance uncertainty by
a factor of 10. Similar improvements in mass and or-
bital evolution open the door to new tests, for example
measuring tidal dissipation in WDs (Fuller & Lai 2012,
2013; Piro 2019). In order to have the time baseline to
measure parameters like P˙ , it is important to continue
finding future multi-messenger systems like J2322+0509
now.
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Table 1. J2322+0509 System Parameters
Parameter Value
Astrometric (Gaia DR2)
RA (J2000) 23:22:30.203
Dec (J2000) +5:09:42.061
Plx (mas) 1.287 ± 0.283
µRA (mas yr
−1) 11.094 ± 0.428
µDec (mas yr
−1) -7.119 ± 0.336
Photometric (SDSS DR14)
u (mag) 18.853 ± 0.028
g (mag) 18.589 ± 0.018
r (mag) 18.906 ± 0.015
E(B − V ) (mag) 0.062
Spectroscopic (MMT+Magellan)
P (s) 1201.4 ± 5.9
k (km s−1) 148.6 ± 6.3
γ (km s−1) -4.8 ± 4.2
T0 BJDTDB (d) 2458764.685470 ± 0.000228
Teff,DA,spec (K) 19160 ± 270
log gDA,spec (cm s
−2) 7.17 ± 0.04
Joint Analysis (Adopted)
dplx (kpc) 0.76 ± 0.17
Teff,DA (K) 19000 ± 1000
log gDA (cm s
−2) 7.0 ± 0.15
Teff,DC (K) 8000 ± 1500
log gDC (cm s
−2) 7.0 ± 0.25
Derived
MDA (M) 0.27+0.06−0.02
MDC (M) 0.24+0.06−0.04
a (R) 0.194± 0.007
i (deg) 27.0± 3.8
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